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Developed through a holistic approach, this study aims at setting new applicable sustainable design guidelines for single-family
detached residences in the Lebanese inland region, and any other region with similar climate. This paper is an evaluation of the eﬀects
of using passive building design strategies on the energy consumption of a housing unit in the Lebanese inland region, and any other
location of similar climate. The paper, also, examines the possibility of saving energy through using low embodied energy building con-
struction materials, and investigates the viability of integrating renewable energy sources. The application of the passive design strategies
proved to save up to 78% of the annual heating and cooling electric energy consumption. The total annual operational energy of the best
case is 63% less than that of the base case. Using the construction materials’ cost variation, a range of 26–45% of the overall annual
energy needs could be produced using renewable energy systems. Furthermore, using local low-embodied energy construction materials
in the developed model is found to save approximately 80% of the embodied energy compared to the insulated base case model.
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Lebanon is a country that depends on imported fossil
fuels to run its power generation utilities. The power
production of utilities fails to match the growing demand
of the market due to the fact that their capacities are less
than needed, and their production processes are ineﬃcient
(Karaki et al., 2005). Given that residential sector accounts2212-6090 2013 The Gulf Organisation for Research and Development. Prod
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Production and hosting by Elsevierfor 47% of the produced energy, any possible savings in the
sector’s consumption are a factor in the growth of the
national economy, and an improvement in the environ-
mental conditions (Ghaddar and Bsat, 1998). Also, saving
energy lowers the operational costs which, in turn, oﬀers
the residents a better quality of life. Accordingly, the devel-
opment of a low-energy residence is vital.
A low-energy house is a house which designs accounts
for its energy performance at the early stage of its design
process, during its construction phase, throughout its oper-
ation period, and when it is demolished. Most available
studies have focused on multifamily multistory residential
buildings located in Beirut, however, 93.1% of the
residences in the inland region are 1–2 ﬂoors (Chedid and
Ghajar, 2004). Thus, studying this category of buildings
in the inland region that has a diﬀerent climatic conditions
compared to Beirut is essential.uction and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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into play; accordingly, understanding the impact of each
factor would facilitate the development of a holistic
approach with optimized factors. To begin with, factors
such as building proportions, geometries, and envelopes
are examined for their impact on the building’s energy con-
sumption. Bostancioglu (2010) studied the eﬀect of
building shape, orientation, and envelope proportions on
the energy, construction, and life cycle costs. The paper
evaluated a multistory residential building of various ﬂoor
plans, envelopes, and orientations. The results indicated
that the construction cost, the energy cost, and the LCC
increase as the external wall area/ﬂoor area ratio increases.
The increase in the change of shape causes the biggest
increase in energy costs, 26.9%; whereas the increase in cost
due to change in orientation is 0.86% only. The results also
indicated that the increase in EWA/FA ratio also increases
the construction cost and LCC.
Furthermore, Tuhus-Dubrow and Krarti (2010) devel-
oped a simulation optimization tool that evaluates the
building envelopes to minimize energy use, taking into con-
sideration the plan shape of the building. The tool was used
to optimize many envelope related parameters in ﬁve diﬀer-
ent climates in the USA. The results indicated that the rect-
angular and trapezoidal plan shapes are optimal, compared
to H, U, cross, L, and T shapes. The results also indicated
that when using optimal building envelope materials, real-
ized using the tool, the building plan shape represents a
variation of only 0.5% in LCC values in the ﬁve diﬀerent
climates investigated. Also, Hatamipour et al. (2007) inves-
tigated the cooling load power consumption for diﬀerent
building types in Iran. It is found that 60% of total
consumption during peak load is accounted for cooling
systems. Simulations were done to examine measures that
would reduce this load. The results showed that using an
insulated light-colored envelope with low window-to-ﬂoor
ratio could save up to 40% of the cooling load. Moreover,
Hirano et al. (2006) examined the impact of using building-
scale voids, double-skin walls and roof, and Predicted
Mean Vote (PMV) Control System on the cooling loads
in the hot humid climate of Japan. The paper also investi-
gated the amount of reduction in CO2 emissions when PV
modules and solar water heating are used along with
eﬃcient lighting and appliances. The results showed that
cooling loads are reduced by 40%, and CO2 emissions are
reduced by 15%.
Consequently, it can be clearly seen that the geometry,
proportions, and envelope of the building can contribute
to cutting the energy demand for cooling and heating. Using
a rectangular ﬂoor plan, along with a low wall-to-ﬂoor area
ratio, contributes to reducing both the cooling and heating
loads, as well as the LCC of the building. In addition, using
an optimized building envelope with light colors contributes
to further reducing the energy demand. These ﬁndings serve
as design guidelines when developing an optimized building
design, using passive design principles.Nonetheless, building ventilation also contributes to
energy savings in buildings; thus, assessing its impact is
necessary. Shaviv et al. (2001) studied the eﬀectiveness of
using night ventilation and thermal mass as a passive cool-
ing strategy. They examined three main parameters
involved; T-swing, thermal mass, and air change rate. They
concluded that for this strategy to be eﬀective, T-swing
must be greater than 6 C while using heavy building mass,
and a rate of 20 Air Change per Hour (ACH) to achieve a
reduction of 3C in T-max. As T-swing increases the eﬀec-
tiveness of this passive strategy increases, this can be
deduced from the simple design tool developed through
this study to predict the eﬀectiveness of this strategy given
the three examined parameters. In addition, Kubota et al.
(2009) studied the eﬀectiveness of diﬀerent natural ventila-
tion modes in Malaysia. They examined four diﬀerent
cases, including full day ventilation, day ventilation, night
ventilation, and no ventilation. The results showed that
night ventilation achieved best temperature reduction,
2.5 C. Nevertheless, due to the high level of humidity,
night ventilation was not able to meet the occupants’ ther-
mal comfort needs; thus, unless a dehumidiﬁcation system
is used, night ventilation would not be applicable in such
climate. These ﬁndings highlight the eﬀectiveness of using
natural ventilation, as a form of passive design strategy
to reduce the mechanical ventilation energy demand; espe-
cially that the level of humidity within the Lebanese inland
region is very low compared to that of coastal cities.
As building materials and their embodied energy consti-
tute an integral part of any sustainable construction, and
contribute to the total energy consumption of the building,
it is vital to assess this impact, and examine what construc-
tion materials have the least possible impact. Morel et al.
(2001) studied the performance of selected local building
materials in southern France. Soil mortar, rammed earth,
stone, and timber were the materials used to construct a ser-
ies of small residential units. The strength of the materials
was examined; cement was used to strengthen the perfor-
mance of soil mortar, however, organic ﬁbers could also
be used to improve the rammed earth properties, according
to Morel et al. Also, the embedded energy of each material
was evaluated, and the results indicated a reduction of up to
215% in the energy consumed in the building.
Additionally, Huberman and Pearlmutter (2008) con-
ducted a life-cycle energy analysis through the analysis of
the embodied and operational energy of the building mate-
rials currently in use as well as alternative materials such as
stabilized soil blocks. It was found that the embodied
energy of the building accounts for some 60% of the overall
life-cycle energy consumption, which could be reduced sig-
niﬁcantly by using alternative building materials. It was
also found that the cumulative energy saved over a 50-year
life cycle by the alternative material substitution is in the
order of 20%.
Besides, a signiﬁcant potential for using local building
materials in Lebanon is veriﬁed by Hamad et al. (2010)
Table 1
Research Methodology.
Stage Strategy Parameter Evaluation
criteria
Passive
design
Natural
ventilation + Solar
gains control
 Orientation
 Geometry
 Fenestration
 Shading
Energy savings
and embodied
energy
Thermal control and
storage + sustainable
construction
 Envelope
Renewable
energy
Sustainable energy  PV cells
 SWH
Energy
Delivered
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anon and reported on the ﬁeld investigations in twenty
quarries which constitute 80% of the Lebanese territory.
This paper described the geology of the main formations
in Lebanon and highlighted those that may provide a via-
ble source of aggregate as assessed from diﬀerent active
quarries in various parts of Lebanon. The survey indicated
that the Bekaa, an inland region, had a supply that
exceeded its demand. This means that local materials are
readily available in the Lebanese inland region, and would
present an opportunity to reduce materials’ transportation
energy consumption. However, the performance of local
materials available ought to be evaluated to ensure that
such materials can substitute the currently used energy-
intensive materials. Accordingly, Awwad et al. (2010) con-
ducted preliminary tests to assess the performance of an
under-development sustainable “green” concrete material
using natural industrial hemp ﬁbers. The testing results
indicated that the use of industrial hemp ﬁbers resulted in
reducing the coarse aggregate quantity without aﬀecting
the ﬂexural performance of concrete. Thus, the locally
available natural ﬁbers and coarse aggregates can be used
to replace the imported, high energy construction materi-
als, and to reduce the building’s energy consumption.
The literature reviewed illustrated the impact of diﬀerent
building parameters like building shape, orientation, enve-
lope, among others. Nonetheless, a comprehensive model
in which all building parameters are optimized for a speciﬁc
climate is still not developed. To exemplify, Bostancioglu
(2010) studied building geometry and proportions, but did
not look at the eﬀect of using natural ventilation or thermal
mass. Also, Kubota et al. (2009) studied the eﬀectiveness of
diﬀerent natural ventilation modes in a humid climate, but
did not take into consideration the eﬀect of building geom-
etry or envelope into consideration. Moreover, Hirano et al.
(2006) examined the impact of using double-skin walls and
roof, and Predicted Mean Vote (PMV) Control System on
the cooling loads, however, the eﬀects of diﬀerent construc-
tion materials were not studied.
Consequently, our research approaches holistically the
design of a single detached house in the inland region of
Lebanon. Holistic approach means that each of the build-
ing parameters, including the geometry, orientation, build-
ing materials, as well as diﬀerent passive design strategies
such as natural ventilation, solar heating, and thermal
mass, will be studied and optimized individually. The best
performing parameters will then be combined into one
optimized model, which in turn will be studied and com-
pared with the typical existing building design and practice.
This approach will maximize the eﬃciency of the design by
ensuring that every building parameter is contributing to
the cumulative energy savings.
Accordingly, this paper aims to look into the potential
of energy savings through making decisions during the
design stage of a single-family detached housing unit;
which involves verifying passive design strategies that best
suit the hot summers and mild winters of the Lebaneseinland region. Moreover, the research investigates the
potential of using low embodied energy materials for the
construction, and the integration of renewable energy
resources without increasing the initial construction cost.
The results of this work could form a base for a new guide-
line for a single family house design in Lebanon, to ensure
a better living experience for the residents, while reducing
initial embodied energy, energy consumption, and opera-
tional costs of the housing unit.
2. Research methodology
The research process went through two stages. The ﬁrst
stage is passive design stage which involves diﬀerent passive
design strategies. Every design strategy was related to a set
of architectural parameters. At that stage, diﬀerent alterna-
tives of every architectural parameter, speciﬁed in Table 1,
were evaluated in terms of their energy cost savings, and
embodied energy. The second stage of the research process
involved looking at renewable energy systems, speciﬁed in
Table 1, and was evaluated in terms of their amount of
energy delivered.
2.1. Simulation engine
Autodesk Ecotect Analysis 2011 is the simulation engine
that has been used to run the simulations for the research
as it has been used by many researchers for thermal and
energy modeling, including Sadaﬁa et al. (2011), and Altan
et al. (2009) among others. Ecotect Analysis provides a
range of thermal performance analysis options. At its core
is the Chartered Institute of Building Services Engineers
(CIBSE) Admittance Method used to determine internal
temperatures and heat loads. This thermal algorithm is
very ﬂexible and has no restrictions on building geometry
or the number of thermal zones that can be simultaneously
analyzed. Most importantly, with only a few pre-calcula-
tions for shading and overshadowing, it is very quick to
calculate and can be used to display a wide range of very
useful design information (Rees et al., 2000).
2.2. Base case description, modeling, and performance
A single-family duplex house is the case study of this
research. The house is located in the Lebanese inland
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typical rectangular ﬂoor plan, as shown in Fig. 1, with a
footprint of 120 m2, and a total built area of 240 m2. The
dimensions of every ﬂoor are 12 m  10 m and the height
is 3 m, with the bigger facades facing the South and North.
The number of family members is 7.
The envelope of the house is made of typically used
building materials, mostly from local resources. The enve-
lope has an inﬁltration rate of 0.5 Air Change per Hour
(ACH), and its total U-value is 3.31 W/(m2 K), which is
higher than the maximum value set by the local building
code of 2.29 W/(m2 K) (Thermal Standard for Buildings
in Lebanon, 2005b). The external walls are composed of
1.0 cm plaster, 12 cm Hollow block, and 1.0 cm plaster.
Slabs are made of steel reinforced concrete without insula-
tion, and so is the ﬂat roof; Table 2 summarizes the thermal
characteristics of the building’s envelope. Windows are
made of aluminum frames with 6 mm single glass panes
(Chedid et al., 2001).
The internal loads, including occupants, lighting, and
appliances, are approximated to be 5 W/m2 of sensible
load, and 3 W/m2 of latent load. The thermal comfort band
is set to be between 18 C and 26 C. The house is divided
into two zones, the upper ﬂoor which is assumed to be
occupied mainly during sleeping time, and the lower ﬂoor
which is assumed to be occupied during the day and the
evening. The zoning is used to assign the operation period
of the mixed-mode mechanical system that is used to pro-
vide both heating and cooling for the house, as illustrated
in Figs. 2 and 3. Heating or cooling is provided, during
the assigned operation schedule, whenever the inside tem-
perature is not within the set comfort band, however, when
the outside temperature is within the set comfort band noFig. 1. Base case house model.
Table 2
Thermal Characteristics.
Thermal characteristics of envelope component
Component Description U-Value (W/(m2 K)
Roof Reinforced concrete 2.96
Walls Plaster–Hollow blocks-plaster 3.22
Windows Aluminum frame single pane 5.41
Slabs Reinforced Concrete 2.96cooling or heating is consumed, and natural ventilation is
used.
The weather ﬁle used to simulate the weather of the Leb-
anese inland region is that of Damascus city since it is very
similar to the Lebanese inland weather. The local terrain of
the house is deﬁned as Rural in order to take into consid-
eration the surroundings’ eﬀect on the air ﬂow around the
house and through its windows; this setting is related to the
wind speed and direction by a parameter deﬁned as wind
sensitivity used in the thermal simulation.
The simulation of the base case model showed that the
annual cooling load is 11.3 kWh/m2 and the peak is
9.6 kW; while the annual heating load is 97.1 kWh/m2
and the peak is 24.3 kW. The heat losses through the enve-
lope, and the limited solar heat gains contributed largely to
the need of heating during the relatively extreme cold sea-
son, leading to an annual heating load that is signiﬁcantly
higher than that of cooling. Using an average Coeﬃcient of
Performance (COP) of 3.0 for the mechanical system, typ-
ically split unit system, we found the total annual electric
energy consumption of the cooling and heating system to
be 108.4 kWh/m2. Furthermore, the electric consumption
of lighting, water heating, and appliances was investigated
based on typical household needs and lifestyle. The calcu-
lated annual electric consumption is approximated to be
4.2 kWh/m2 for lighting, 19.1 kWh/m2 for water heating,
and 46.1 kWh/m2 for appliances. Thus, the estimated total
annual electric energy consumption of the base case model
is found to be 177.4 kWh/m2.
2.3. Base case validation
To validate the base case model, we compared the
annual energy needed for cooling and heating per meter
square (kWh/m2) found by our simulation, 108 kWh/m2,
with the results of a study conducted in 2005 by the Repub-
lic of Lebanon Ministry of Public Works and Transport
(MPWT) for the inland region, 119 kWh/m2 (Republic of
Lebanon Ministry of Public Works, 2005a). The diﬀerence
between the results of the model, and those produced by
the study was found to be around 9%. Furthermore, to ver-
ify the eﬀectiveness of the wind sensitivity parameter
deﬁned to take into consideration the diﬀerences in the
urban density between terrains, we simulated our base case
model in Beirut region and changed the local terrain from
Rural to Urban. When comparing the cooling and heating
energy intensity results our model produced, 102 kWh/m2,
with those found by the MPWT study in 2005, 87 kWh/m2,
we found a diﬀerence of about 15%.
These diﬀerences in the energy intensity of our model,
and the study conducted by the MPWT could be a result
of the diﬀerences between our base case model, and the
base case of the MPWT study, for the study used a 5-story
multifamily residential building as a base case, while our
base case is a 2-story single family residential unit. Further-
more, changes in cooling and heating energy consumption
trends due to climatic changes between 2005, the period the
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the diﬀerences in results.
Moreover, to validate the total annual electric energy
consumption of the base case model, we looked at diﬀerent
values reported in earlier studies. The annual consumption
of a multi-story residential building in Beirut is found to
range between 178 kWh/m2 and 220 kWh/m2 (Ghaddar
and Bsat, 1998). Also, according to a survey done in
2005 in Beirut, the maximum annual electric consumption
is found to be 144 kWh/m2 (Houri and Korfali, 2005).
Furthermore, we compared the annual electric energy
consumption values of our model segmented by usage with
the values reported by Karaki et al. (2005); the values,
presented in Table 3, are found to be within range. Thus,
we can conclude that the estimated annual electric
consumption of our base case model, 177 kWh/m2, falls
within the reported values.Table 4
Passive Building Design.2.4. Alternative parameters’ description, modeling, and
performance
A set of architectural parameters are studied for they are
fundamental to the process of passively reducing energy
consumption of the designed house. The parameters areTable 3
Electric Energy Breakdown.
Usage Electric energy consumption breakdown
Reported in literature (%) Base case model (%)
Appliances 22 17
Lights 6 4
Water Heating 22 19
HVAC System 50 60chosen to study their role and impact on diﬀerent passive
design strategies; including natural ventilation, controlling
direct and indirect solar gains, thermal mass storage, and
shading, as illustrated in Table 4.
2.4.1. Orientation
The orientation of the house inﬂuences the solar gains
which are vital for passive heating during cold season
which constitutes 7 months of the year. Moreover, the ori-
entation contributes to the natural ventilation ﬂow rate
that is needed for passive cooling during hot season which
constitutes 5 months of the year (Bostancioglu, 2010).
Therefore, a range of orientations has been modeled and
tested for having the best performance in terms of heating
and cooling loads. Simulating the diﬀerent orientations
showed that the best orientation is to have the longest
facade facing south in order to maximize the solar gains
during cold season, which is seven months; results are
presented in Table 5.Passive building design
Passive design strategy Corresponding Parameter
Natural ventilation Building geometry
Glazing orientation
Building tightness
Solar gains Building orientation
Glazing portion and orientation
Shading elements
Envelope
Structural thermal mass Envelope
Table 5
Orientation performance.
Orientation performance summary
Degrees Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
(base case) 0 96.7 11.5 108.2
30 96.8 12.1 108.9
60 96.9 12.6 109.4
90 96.6 12.3 108.9
120 96.5 12.6 109.2
150 96.5 12.4 108.9
180 96.3 11.6 108.0
Table 7
Wall.
Envelope – wall
Wall no. Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
(base case) W0 96.7 11.5 108.2
W1 73.0 5.6 78.5
W2 70.1 5.1 75.2
W3 69.7 5.6 75.3
W4 69.4 4.9 74.3
W5 72.6 4.8 77.3
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The geometry of the house inﬂuences the solar gains, nat-
ural ventilation, and thermal storage which are all passive
strategies used to reduce heating and cooling loads (Bostan-
cioglu, 2010). Thus, a set of geometric functions were
deﬁned, tested, and compared to the base case geometry.
One of the geometric functions that has been used is shifting
the upper ﬂoor past the lower ﬂoor, in one and in two
dimensions, using the upper ﬂoor like a shading element
to the lower ﬂoor, as a means to control solar gains and
thermal storage. Also, changing the footprint of the house
is a geometric function used to induce natural ventilation,
and control solar gains (Tuhus-Dubrow and Krarti, 2010).
The use of building-scale void is another geometric func-
tion used to enhance natural ventilation and optimize solar
gains (Hirano et al., 2006). Diﬀerent forms of building-
scale voids have been tested including a central courtyard,
and a cut through the house. The modeled geometries had
one or a combination of the geometric functions mentioned
above to allow for testing the combined eﬀect of the diﬀer-
ent geometric functions.
Simulating diﬀerent geometries led to conclude that
using central courtyard, and shifting the ﬂoor plan reduces
space loads the most. In addition, reducing the footprint
proved to be better than the base case scenario. The mod-
eled and tested geometries are listed in Table 6.
2.4.3. Envelope
The envelope directly aﬀects the solar gains/losses and
thermal storage of the house, which contributes signiﬁ-
cantly to the heating and cooling loads (HatamipourTable 6
Geometry performance.
Geometry
Geometry no. Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
G0 (base case) 96.7 11.5 108.2
G1 102.5 17.1 119.6
G2 101.6 12.5 114.1
G3 108.6 20.3 128.9
G4 106.4 21.0 127.4
G5 100.1 11.2 111.3
G6 105.8 16.9 122.8
G7 109.7 20.9 130.6
G8 107.4 21.0 128.4
G9 107.4 16.3 123.8
G10 111.8 26.1 137.8
G11 111.8 21.1 132.9et al., 2007). Accordingly, a range of building materials
were simulated to verify the one that best ﬁt the local cli-
mate being designed in terms of reducing space loads and
embodied energy which characterize any sustainable con-
struction. Local materials like rammed earth, straw, and
natural stone have been tested, for such materials have a
low embodied energy and a relatively high thermal storage
capacity.
Moreover, the use of extensive greenery for the roof has
been modeled and tested. Also, currently in use building
materials like hollow blocks, polystyrene insulation, and
steel reinforced concrete having a relatively low thermal
storage capacity have been tested. Double skin envelope
is another range of building envelopes that have been
tested, given that it has a low conductance. In addition,
double glazing window has been tested with and without
low-e ﬁlm to control direct solar gains.
Simulating diﬀerent materials for the roof, walls, and
slabs demonstrated that using straw boards is the best to
insulate the steel reinforced concrete roof and slabs. Also,
straw boards proved to be, along with 30 cm hemp-rein-
forced rammed earth blocks and cement board, the best
wall material in terms of reducing space loads; Tables 7,
8 and 9 summarize the performance of diﬀerent alternatives
used.2.4.4. Glazing and shading
Glazing is imperative in controlling the amount of solar
gains that are essential for passive heating in the cold
season; thus, diﬀerent portions of glazing have been placed
on diﬀerent building facades to optimize solar gains duringW6 69.7 4.4 74.1
W7 69.7 4.4 74.1
W8 72.0 4.5 76.5
W9 69.6 4.4 74.0
Table 8
Roof.
Envelope – roof
Roof no. Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
(base case) R0 96.7 11.5 108.2
R1 84.6 11.6 96.2
R2 84.3 12.6 96.9
R3 82.8 11.6 94.4
R4 82.4 11.8 94.1
Table 9
Slab.
Envelope – slab
Slab no. Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
(base case) S0 96.7 11.5 108.2
S1 81.2 18.4 99.6
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proportions have been modeled and tested to control direct
solar gains during hot season to avoid increasing thermal
storage and undermining the eﬀect of natural ventilation
that is used to passively cool the house.
Simulating diﬀerent glazing proportions and orienta-
tions showed that the southern facade should have the
maximum amount of glazing to let increase solar gains dur-
ing cold season, while the remaining facades should have
the minimum glazing to reduce heat losses. As for shading,
the horizontal rectangular elements that span along win-
dows, 0.7 m in width, proved to best reduce the solar gains
through southern glazing during hot season (Table 10).2.4.5. Night purge
Using the thermally comfort air of the inland region,
cool and dry, during summer nights to naturally ventilate
the house and cool the thermal mass contributes to the
reductions in heating loads (Shaviv et al., 2001; Kubota
et al., 2009). Therefore, diﬀerent operating schedules for
natural ventilation at night were tested during hot season
to optimize the air change rate needed, and the hours dur-
ing which night purging should operate. Simulating diﬀer-
ent operating schedules for night purging showed, as
illustrated in Table 11, that it works best during the months
June, July, August, and September. The optimum air
change rate is 2.5 ACH operating from 7 PM to 6 AM.Table 12
Scenario performance.
Scenario Annual Load per M22.5. Alternative scenarios description, modeling, and
performance
Based on the performance of diﬀerent alternatives in
terms of passively reducing energy consumption, several
new models were developed through combining the bestTable 10
Window performance.
Envelope – window
Window no. Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
(base case) Win0 96.7 11.5 108.2
Win1 73.0 5.6 78.5
Win2 70.1 5.1 75.2
Win3 69.7 5.6 75.3
Table 11
Night purge performance.
Case Heating (kWh/m2) Cooling (kWh/m2) Total (kWh/m2)
Base case 96.7 11.5 108.2
Night purge 87.6 8.5 96.1performing alternatives of every parameter. Simulating
these various scenarios resulted in the best model in terms
of reducing energy consumption through passive design;
Table 12 summarizes the performance of the diﬀerent
scenarios.
The best model, Sc 6 in Table 12, has its longer elevation
oriented toward South with double the portion of glazing
compared to the portion of glazing of the same elevation
in the base case model, while the total glazing area is the
same in both models. The best model has a building-scale
void in the form of an open central courtyard at its upper
ﬂoor with an area of 9 m2, 3 m  3 m, as illustrated in
Fig. 4; therefore, the dimensions of both ﬂoors were chan-
ged to maintain a total built area of 240 m2 which match
that of the base case model.
The roof and slabs are made up of steel reinforced con-
crete that is insulated using straw boards. The walls are
made of hemp-reinforced rammed earth blocks, on the
interior, insulated using straw boards sealed with cement
board on the exterior. It is worth mentioning that rammed
earth construction, a method of building walls using a bal-
anced mixture of clay, sand and aggregate, has a promising
potential for future construction for it is abundant, recycla-
ble and has a minimal environmental impact (Nowamooz
and Chazallon, 2011); also, the use of natural ﬁbers such
as hemp to enhance the tensile strength of rammed earth
construction proved to be eﬀective (Li et al., 2006).
The windows are double glazed with a low-e ﬁlm and
aluminum frame. The total U-value of the envelope is
0.77 W/(m2 K), as illustrated in Table 13. The windows
facing South have operable horizontal shading elements
used during hot season in addition to night purging during
the night. Keeping the internal loads, occupancy schedules,
and inﬁltration rate matching the base case model, the best
model was simulated, also using Ecotect Analysis.
Combining the diﬀerent parameters in the best model
resulted in an annual cooling load of 4.3 kWh/m2 and peakHeating
(kWh)
Cooling
(kWh)
Total
(kWh
Load savings
(%)
(base case)
Sc0
96.7 11.5 108.2 0
Sc1 35.8 5.3 41.2 62
Sc2 41.3 10.3 51.6 52
Sc3 33.5 5.0 38.4 64
Sc4 27.0 5.2 32.2 70
Sc5 44.7 14.3 58.9 46
Sc6 19.3 4.3 23.6 78
Sc7 40.6 10.3 50.9 53
Sc8 43.9 14.2 58.1 46
Sc9 41.6 9.8 51.5 52
Sc10 42.6 9.7 52.3 52
Sc11 45.4 14.5 59.8 45
Sc12 46.4 14.6 60.9 44
Sc13 36.7 5.1 41.8 61
Sc14 26.2 2.7 28.9 73
Fig. 4. The best model geometry.
Table 13
Envelope contribution to space loads.
Contribution of envelope to space loads savings
Component U-Value (W/(m2 K) Contribution (%)
Roof 0.82 13
Walls 0.51 35
Windows 2.41 9
Slabs 0.82 12
All 0.77 69
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19.3 kWh/m2 and peak load is 5.8 kW. Thus, the total
annual energy intensity of the best model is 23.6 kWh/
m2, which is 78% less than the annual cooling and heating
system electric energy intensity of the base case. Also, both
the heating peak load and cooling peak load are found to
be approximately 77% and 65%, respectively, less than
the base case peaks.0 10000 20000 30000 40000 50000
Base Case
Night Purge & 
Shading
Orientation, Geometry 
& Glazing
Envelope
Best Model
Passive Heat Gains During Hot Season(5 months)- kWh
Ventilation Solar Fabric
Fig. 5. Passive heat gains.3. Results and discussions
3.1. Passive design strategies
To evaluate the passive design strategies being tested, dif-
ferent analysis functions were used, mainly the ones related
to passive gains. The ﬁrst function used is Conduction loads
through the fabric; these loads refer only to the gains due to
diﬀerentials in air temperature between inside and outside
the space. The second function used is Indirect solar loads
through opaque objects, which refers to additional gains
due to the eﬀects of incident solar radiation on the external
surface of exposed opaque objects. The solar radiation acts
to raise the external surface temperature which in turn
increases the conducted heat ﬂow. Also, Direct solar gains
through transparent objects is a function used to analyze
the eﬀectiveness of passive strategies; these loads refer to
solar radiation entering the space through a window, voidor other transparent/translucent surface. Furthermore,
Ventilation and inﬁltration gains function was used as well,
this function refers to heat transfer due to the movement of
air through cracks and openings in the building fabric, such
as windows, and voids (Autodesk Inc., 2010).
The simulation of the best model showed that changing
the orientation, geometry, and glazing portion and orienta-
tion decreased ventilation heat gains during hot season by
4%, solar heat gains by 35%, and the envelope heat gains
by 25%, as illustrated in Fig. 6. As for the cold season, ven-
tilation heat losses were reduced by 4%, but solar heat
gains decreased by 13%, and envelope heat losses increased
by 17%, as illustrated in Fig. 5. Nonetheless, looking at the
annual space loads, we realize that using the new orienta-
tion, geometry, and glazing portion and orientation, the
annual space loads are reduced by approximately 4% com-
pared to the base case model.
The simulation also showed that applying night purging
and operable horizontal shading elements reduced ventila-
tion heat gains during hot season by 81%, while both enve-
lope heat losses and solar heat gains did not change. As for
the cold season, ventilation heat losses were reduced by
32%, while both envelope heat losses and solar heat gains
did not change. Thus, applying night purging and operable
horizontal shading elements saved up to 9% of the annual
space loads compared to the base case model.
Furthermore, changing the envelope resulted in solar
heat gain reduction by 87% and envelope heat gains by
89% while ventilation heat gains did not change, during
the hot season, as illustrated in Fig. 6. During the cold sea-
son, solar heat gains were reduced by 87% and envelope
heat losses by 85% while ventilation heat losses did not
change. Accordingly, changing the envelope reduced the
annual space loads by 65% compared to the base case
model.
The combination of all of the above mentioned param-
eters resulted in the best model. The combined eﬀect was
found to reduce solar heat gains by 90%, envelope heat
gains by 93%, and ventilation heat gains by 81%, during
the hot season. During the cold season, solar heat gains
were reduced by 85%, envelope heat losses by 82%, and
0 20000 40000 60000 80000
Base Case
Night Purge & 
Shading
Orientation, 
Geometry & Glazing
Envelope
Best Model
Passive Heat Losses During Cold Season(7 months) - kWh
Venlaon Solar Fabric
Fig. 6. Passive heat losses.
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diﬀerent parameters reduced the annual space loads by
76% compared to the base case model.
The results found proved the eﬀectiveness of using pas-
sive building design strategies to reduce, signiﬁcantly, the
space loads of a single-family detached residence; results
summarized in Fig. 7. Using direct solar gains, and enhanc-
ing as well as controlling natural ventilation contributed
approximately 13% to the total space load savings. In addi-
tion, controlling conductance, and using structural thermal
mass reduced the space loads by approximately 65%. Con-
sequently, a total of 76% reduction in the annual space
loads was achieved.
3.2. Mechanical system
The base case model uses DX-system which operates at
peak load throughout its operation period with an average
Heating COP of 3.0 and Cooling COP of 2.8; as a result,
the annual electric consumption of the system that is
required to maintain the indoor temperature of the best
model within the comfort band is 5669 kWh. However,
using a VRV-System, which operates interactively to match
the demand using an inverter compressor, with an average
Heating COP of 4.5 and Cooling COP of 4.1, results in
33% of electric consumption savings when it replaces the
DX-system in the best model.12
%5
%
%83
Passive Design Strategies Loads Savings
Orientation Geometry and 
Glazing
Natural Ventilation and 
Shading
Envelope
Fig. 7. Passive design strategy load savings.3.3. Eﬃcient lighting and appliances
Lighting, appliances, and water heating contribute to
approximately 40% of the annual electric energy consump-
tion, as mentioned earlier, thus, replacing currently used
lighting, appliances, and water heater with more eﬃcient
alternatives would reduce the total annual electric con-
sumption. To exemplify, replacing incandescent lamps with
compact ﬂuorescent lamps reduced the lighting energy
demand more than 70%. Accordingly, a list including light-
ing, appliances, and water heater, conventionally used in
most households, was compared with a list of eﬃcient
alternatives in terms of electric consumption.
The results showed that the electric energy consumption
of the eﬃcient lighting, appliances, and water heater is 43%
less than that of the base case. Combining the savings in
space loads, due to passive design strategies, with the sav-
ings in electric energy consumption, due to eﬃcient lighting
and appliances, resulted in 63% savings in the total annual
electric energy consumption, operational energy; Table 14
breakdown electric consumption by usage.3.4. Renewable energy
Investigating the potential of using renewable energy
constitutes the second phase of this study; it is proved that
the best practice is to reduce the energy demand of a
building, through eﬃcient design, before looking at the
potential of integrating renewable energy sources, such as
photovoltaic system (Leckner and Zmeureanu, 2011).
Both, cooling and heating loads, as well as the electric
energy consumption were reduced by 79% and 62% respec-
tively; thus, relatively smaller systems are needed to deliver
the remaining energy needs.
The location of the studied house possesses a signiﬁcant
potential of solar energy with a global solar radiation of
1825 kWh/yr/m2, according to a study done by Karaki
et al., at the American University of Beirut in 2005.
Therefore, diﬀerent solar energy technologies were consid-
ered; Solar Water Heating system is considered to heat
water, while photovoltaic cells are considered for the
production of electricity, to fulﬁll the needs of the best case
house.
Solar water heating systems have been penetrating the
Lebanese markets for they have become economically via-
ble despite the poor legislative frame work (Houri andTable 14
Annual Electric Consumption.
Annual electric consumption
Usage Base case kWh/m2 Best case kWh/m2
Appliances 46.1 27.9
Lights 4.2 1.0
Water heating 19.1 13.9
Space cooling 11.5 4.3
Space heating 96.7 19.3
Total 177.4 66.5
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facilitated funding programs to encourage the use of
renewable energy technology, mainly in the residential sec-
tor. However, photovoltaic systems are not yet as spread,
for their initial cost is still considered to be high; also,
the PV cells have an average eﬃciency of 12% when oper-
ating in the nominal conditions, while the rest of the
absorbed solar energy takes the form of heat that raises
up the temperature of the PV cells resulting in the reduc-
tion of the eﬃciency of the system. These facts are making
the investment into PV systems still uncommon (Karaki
et al., 2005).
Nonetheless, solar energy technologies have been
advancing; PV cells and solar thermal collectors are com-
bined into one system, PV/T system. A PV/T system is a
hybrid system of photovoltaic cells and solar heat collectors
that produce both solar electricity as well as solar heat with
eﬃciency higher than that of the two systems installed side
by side (Bakker et al., 2005). These systems are used, not
only, to cover, partially or partly, electric power needs
and water heating needs, but also, to provide space heating
during cold season, in addition to their potential use for
clothes drying or air dehumidiﬁcation during hot season
(Sukamongkol et al., 2010). Nonetheless, this type of system
has not been introduced to the local markets yet, therefore,
its feasibility is unclear. Since the PV/T system produces
both electric and thermal energy simultaneously, it has been
used as an alternative to another scenario in which Solar
Water Heating system and PV system are installed side by
side to produce thermal and electric energy in parallel.
The Solar Water Heating system is sized to cover the
typical needs of heated water for the household throughout
the year. Whereas, the PV and PV/T systems were sized
based on the budget made available through the initial cost
variation between the Base case and Best case models;
moreover, both systems were assumed to be grid connected
in few scenarios, and standalone with battery bank in other
scenarios. The eﬃciency of the PV modules used is 12%,
while the eﬃciency of the PV/T modules is 14% for the
electric output and 70% for the thermal output (Zhang
et al., 2012; Millennium Electric T.O.U Ltd). The cost of
the SWH system is estimated to be $3000; the cost of
1 kW of the PV system is averaged to be $5000, while the0 5000 10000 1
BaseCase+Insulaon
BestCase+SG
BestCase+DG
Building Materials Cos
Roof Walls F
Fig. 8. Building matercost of 1 kW of the PV/T system is approximated to be
$8000 including the necessary additional components, bal-
ance of system for the electricity and for the thermal energy
circulation. Also, the cost of the battery bank needed for
the night supply is estimated to be $5500 (Zondag et al.,
2006; Tripanagnostopoulosl et al., 2006).
3.5. Initial cost variation
The variation in the initial cost of the building materials
needed for the construction of the base case model with
insulated envelope compared to the base case model is
found to be $127/m2. Whereas, the variation in the initial
cost of the building materials needed for the construction
of the best case model is found to be around $86/m2 when
double glazing is used, and $69/m2 when single glazing is
used. As a result, the savings from initial cost variation
are $58/m2 when single glazing is used, and $41/m2 when
double glazing is used. Fig. 8 illustrates the variation in
building material cost for the diﬀerent cases.
Given the budget that is made available by the initial
cost variation, diﬀerent scenarios were developed to assess
the various potential investment options of that budget
based on two main factors. One factor is the amount of
embodied energy that would be added to the initial embod-
ied energy in relation to the base case model. This factor
will be discussed in detail in the Embodied Energy section.
The other factor is the amount of energy that could be
delivered through investing the available budget in renew-
able energy systems, which will be discussed in this section.
As mentioned above, three diﬀerent renewable energy
systems were considered; the Solar Water Heating system
that provides heated water, the Photo-Voltaic system that
delivers electric energy, and the Photo-Voltaic/Thermal sys-
tem that produces simultaneously electric energy, as well as
thermal energy for both water and space heating. The devel-
opment of many scenarios, where renewable energy systems
are integrated, involved looking at two key variables.
The ﬁrst variable is the type of glazing used, single or
double glazing, as this aﬀects the budget available for
investment in renewable energy systems. The use of single
glazing would result in savings of approximately $58/m2,
$14,100 in total, while the use of double glazing would5000 20000 25000 30000 35000
t Variation (USD)
loors Windows
ial cost variation.
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$10,000. Thus, the use of double glazing would reduce
the budget available for renewable energy systems by
approximately 30%.
The second variable is the connectivity of the renewable
energy systems, namely the PV and PV/T systems, to the
grid. It should be mentioned, however, that connectivity
to utility grid is not supported yet in Lebanon. The connec-
tion of the system to the utility grid would allow the invest-
ment of the whole budget in the system only, resulting in a
system with more production capacity. On the other hand,
the system that is not connected to the utility grid, also
known as Standalone system, would split the budget into
two portions; one would be spent on the battery bank to
store energy during the day and use it during the night,
while the second portion would be spent on the system
itself. Thus, the system that is not connected to the utility
grid would have less production capacity.
The results reﬂect clearly how the production capacity
of both PV and PV/T systems is aﬀected in diﬀerent scenar-
ios when comparing the grid connected systems with the
standalone systems. The capacity of the standalone systems
is signiﬁcantly reduced; the grid connected PV system has
almost 2 times more production capacity in the single glaz-
ing case and 4.5 times more compared to the standalone PV
system. Also, the grid connected PV/T system has almost
1.6 times more capacity in the single glazing case and 2
times more compared to the standalone PV/T system, as
illustrated in Figs. 9 and 10. As mentioned earlier, the
standalone system requires a battery bank to store electric-
ity produced during the day for night use; therefore, the
available budget would be divided into two portions, one
for the system and the other for the battery bank.
Consequently, smaller budget will be available to invest
in the capacity of the standalone system, when compared
to grid connected systems.
In addition, the results show that the production capac-
ity of grid connected PV system is approximately 22% more
than that of the grid connected PV/T system in the single
glazing case and 16% more in the double glazing case. This
is a direct result of the diﬀerence in the cost per kW of each0 5000 100
Grid connected 2.2kW PV+SWH
Standalone 1.1kW PV+SWH
Grid connected 1.8kW PVT
Stanalone 1.1kW PVT
SWH
Cost Variation Investment i
Best Case+SG Scen
Roof Walls Floors Win
Fig. 9. Investment in renewabsystem. However, when the standalone systems are com-
pared, the results illustrate that the PV/T system has an
equal production capacity in the single glazing case and
twice the production capacity in the double glazing case
compared to the PV system.
Nonetheless, comparing the production capacities of PV
and PV/T systems, in both cases where systems are consid-
ered standalone or grid connected, is suﬃcient to evaluate
diﬀerent scenarios; for the PV/T system produces two
forms of energy simultaneously using the same solar collec-
tor, namely thermal and electric energy, whereas the PV
system produces only electric energy. Moreover, the com-
parison of the production capacities of PV and PV/T sys-
tems does not take into consideration the capacity of
SWH system used along the PV system.
Hence, to evaluate better the diﬀerent scenarios that
were developed, the amount of energy, both electric and
thermal, that could be delivered using the proposed renew-
able energy systems was evaluated; the energy produced
was broken down into three diﬀerent categories. The ﬁrst
category is the thermal energy needed to heat water; for
that purpose, two diﬀerent systems were evaluated in the
scenarios, the Solar Water Heating system and the PV/T
system. The second category is the electric energy needed
to run lighting and appliances; also, two diﬀerent systems
were included in the scenarios, the PV system and the
PV/T system. The third category is the thermal energy
needed for space heating where only the PV/T system is
applicable.
The quantiﬁcation of the amount of energy delivered by
the renewable energy systems in various scenarios shows that
not in any scenario the Best Case energy demand would be
fully supplied, given the available budget. Moreover, the
comparison of the amount of energy delivered by the diﬀer-
ent systems in the various scenarios illustrate that the grid
connected systems delivered more energy than the stand-
alone systems. Grid connected PV system produced 17%
more overall energy in both the single glazing and the double
glazing scenarios.Also, the PV/T systemdelivered 29%more
overall energy in the single glazing scenario, and 24% in the
double glazing scenario, as illustrated in Figs. 11 and 12.00 15000 20000 25000 30000 35000
n Renewable Energy
arios (USD)
dows SWH PV PVT
le energy – single glazing.
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Fig. 10. Investment in renewable energy – double glazing.
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mal energy needed for heating water, that would be sup-
plied either by the SWH system installed with the PV
system or by the PV/T system, would be fully supplied in
all scenarios except in the double glazing scenario in which
a standalone 0.6 kW PV/T system is used. As for the elec-
tric energy, the standalone PV/T system delivers, compared
to the PV system, the same amount of electric energy in the
single glazing scenario, but twice the amount in the double
glazing scenario. However, in the grid connected scenarios,
the PV/T system delivers 15% less electric energy in the sin-
gle glazing scenario, and 7% in the double glazing scenario
when compared to the amount of electric energy delivered
by the PV system.
The results, also, show that the delivery of thermal
energy for space heating is possible only when PV/T system
is used. In the case of grid connected PV/T system, 83% of
the needed thermal energy for space heating is delivered in
the single glazing scenario and 32% in the double glazing
scenario. In the case of standalone PV/T system, 23% of
the thermal energy needed for space heating is delivered
in the single glazing scenario, while in the double glazing
scenario no thermal space heating energy is delivered.0 1000
Best Case Energy Demand
Standalone 1.1kW PV+SWH
Standalone 1.1kW PVT
Grid connected 1.8kW PVT
Grid connected 2.2kW PV+SWH
Energy Delivered Using R
Best Case+SG 
Water Heang -Thermal kWh
Space Heang -Thermal kWh
Fig. 11. Energy delivery using reneThe results found should be considered in the light of
the fact that no grid connected services is yet oﬀered by
the Lebanese utility company. Consequently, the most via-
ble scenario, in the case of single glazing, is the one using
1.1 kW standalone PV/T system, since it delivers all the
thermal energy needed for heating water, 44% of the elec-
tric energy needs, and 23% of the thermal energy needs
for space heating, 45% of the overall energy needs. How-
ever, in the case of double glazing, the best scenario is
the one using SWH system along a 0.3 kW standalone
PV system, for it fulﬁls the thermal energy needs for hot
water and delivers 11% of the electric energy needs, overall
energy needs of 26%.
3.6. Embodied energy
The term Embodied Energy has been used by many
authors, but had various interpretations subjected to the
corresponding context; thus, no clear cut deﬁnition of the
term can be found in the available literature (Dixit et al.,
2010). In the context of this paper, the term, Embodied
Energy, is used to refer to the energy consumed to manufac-
ture, process and transport the building construction0 20000 30000 40000
enewable Energy 
Scenario 
Lighng+Appliances -Electric kWh
wable energy – single glazing.
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Fig. 12. Energy delivery using renewable energy – double glazing.
G. Tibi et al. / International Journal of Sustainable Built Environment 1 (2012) 177–193 189materials to the construction site, also known as Initial
Embodied Energy (Hammond and Jones, 2011). Further-
more, the embodied energy values used for various
construction materials were extracted from the Inventory
of Carbon and Energy (ICE) 2011, a project by Sustainable
Energy Research Team at University of Bath, UK.
The embodied energy constitutes approximately 5–15%
of the total energy consumption of a residential building
throughout its lifetime, also known as operational energy
(Thormark, 2006); the best case model embodied energy
constitutes 14% of its lifetime estimated operational energy,
while the base case embodied energy constitutes 6% of its
lifetime estimated operational energy. This variation is
due to the signiﬁcant reductions in the operational energy
of the best case model; also, this gives further importance
to savings in the embodied energy. Furthermore, minimiz-
ing the amount of embodied energy in buildings, through
considerate selection of construction materials, reduces
the environmental impact of the construction (Thormark,
2006).
Evaluating the local low-embodied energy construction
materials, that proved to be saving the highest amount of
energy, showed that the immense portion, approximately0.0 500.0 1000.0
Base Case
Base Case+Insulaon
Best Case
Embodied Energy B
Roof Wall
Fig. 13. Embodied en80%, of the embodied energy used is that of the steel rein-
forced concrete composing the roof and slabs construction.
Since this material was used in both the base case model as
well as the best model, the impact of using low embodied
energy materials, for the insulation and walls, in the best
model is relatively small.
The embodied energy of the base case model is found to
be 13.8 kWh/m2/yr, and the embodied energy of the base
case model with insulation is 62 kWh/m2/yr, while the
embodied energy of the best model is 12.4 kWh/m2/yr, as
illustrated in Fig. 13. The signiﬁcant diﬀerence in the total
embodied energy between the base case and base
case + insulation scenario can is due to the fact that the
embodied energy of the Polystyrene insulation, typically
used, is 86 MJ/kg, while that of Reinforced Concrete and
Concrete Blocks are 1.92 MJ/kg and 0.78 MJ/kg, respec-
tively. Given that the insulation should wrap the building’s
envelope to be eﬀective, the total surface area of insulation
used is equal to the building’s surface area. Accordingly,
the use of insulation impacts the total embodied energy sig-
niﬁcantly, as illustrated. Consequently, the comparison
between the values illustrate that the best case model has
approximately 11% and 80% less embodied energy1500.0 2000.0 2500.0 3000.0
reakdown (GJ)
Floor Glazing
ergy breakdown.
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Fig. 14. Total embodied energy – single glazing.
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models, respectively. According to the Energy Performance
Building Directive (EPBD) by the European Commission,
the embodied energy in the residential sector is found to
range between 11 kWh/m2/yr and 35 kWh/m2/yr (Szalay,
2007); thus, the values found for our base case model
match the lower end of the European residential buildings,
but the base case with insulation model has a higher value.
Furthermore, the embodied energy of the diﬀerent
renewable energy systems, SWH, PV, and PV/T system,Base Case
Base Case + Insulaon
Standalone 0.3kW PV+SWH
Standalone 0.6kW PVT
Grid connected 1.2kW PVT
Grid connected 1.4kW PV+SWH
Total Embodied Ener
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Total Embod
Fig. 15. Total embodied en
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Fig. 16. Renewable energy system emthat was used in the developed scenarios to produce
thermal and electric energy for the house was calculated
(Hammond and Jones, 2011). The results of integrating
renewable energy systems reﬂected a decrease in the total
embodied energy in some scenarios, no change in some,
and increase in others. However, the maximum increase
was 25%, and maximum decrease was 8%, compared to
the total embodied energy of base case.
Nonetheless, comparing any of the scenarios in which
renewable energy systems are used with the base100%
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Fig. 17. Renewable energy system embodied energy – double glazing.
Table 15
Best case model.
Sustainable design guidelines – best case model
Description
Component Savings kWh/
m2
Contributed to
Geometry
Cubic form with a 3 m  3 m courtyard at center of the upper ﬂoor
4.2 Cooling and heating space
loads
Orientation
North–south axis
Construction materials
– Reinforced concrete slabs for the ﬂoors and roof, 15 cm thickness, and straw board insulation, 5 cm
thickness
– Rammed earth blocks, 20 cm thickness, Straw boards on the exterior face, 5 cm thickness, and 1.5 cm
soil plaster on both wall faces
– Aluminum frames with double glazing, total glazing area of 40 m2
– half of it on southern facade, quarter on northern facade, and the other quarter divided evenly on
eastern and western facades
70.2
Natural Ventilation
Night purge during summer seasons, May–September; from 7 PM to 5 AM
10.2
Mechanical System
VRV System for heating and cooling
7.8 Mech. system energy
consumption
Lighting
Eﬃcient lights; compact ﬂorescent lamps
3.3 Lighting energy
consumption
Appliances
Eﬃcient appliances
23.3 Appliances energy
consumption
Performance
Parameter Value
Annual heating and cooling electric energy consumption 23.6 kWh/m2
Total annual electric energy consumption 66.5 kWh/m2
Initial embodied energy 12.4 kWh/m2/yr
Construction material cost $269/m2
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the use of insulation increases the total embodied energy
substantially, as illustrated in Figs. 14 and 15. Thus, the
integration of renewable energy systems with the best case
model would not result in increasing the total embodied
energy.
Moreover, comparing the initial embodied energy of the
renewable energy systems with the amount of energy each
would deliver on an annual basis illustrates that in allscenarios, the delivered energy would oﬀset the systems
embodied energy within a range of 2–5 years depending
on the scenario, as illustrated in Figs. 16 and 17.
4. Conclusions
The application of the passive design strategies that were
investigated proved to save up to 78% of the annual electric
energy consumption. Moreover, the use of energy eﬃcient
192 G. Tibi et al. / International Journal of Sustainable Built Environment 1 (2012) 177–193home appliances reduced the annual electric energy con-
sumption by 43%. The total annual electric energy con-
sumption of the best case is 63% less than that of the base
case. The savings from the initial cost variation between
the base case model with insulated envelope and the best
case model developed are found to be $58/m2 when single
glazing is used, and $41/m2 when double glazing is used.
Using this initial cost variation, it is found that the most
viable scenario, in the case of single glazing, is the one
using standalone PV/T system which produces 45% of all
energy needs; whereas, in the case of double glazing, the
best scenario is the one using SWH system along a stand-
alone PV system which produces 26% of all energy needs.
Furthermore, using local low-embodied energy construc-
tion materials in the best case model is found to save
approximately 10% of the embodied energy when com-
pared to the base case model, and 80% when compared
to the base case model with insulated envelope. In addition,
the use of renewable energy systems is found to reduce the
embodied energy savings to a range of 1% to 8% compared
to the base case model.
The outcome of this study is a comprehensive guideline
to reducing the energy consumption at diﬀerent stages of
the building’s lifetime without increasing the initial con-
struction cost; beginning with the architectural design of
the house, going through the selection of both construction
materials, as well as eﬃcient home appliances, and then
providing feasible renewable energy source to fulﬁll a por-
tion of the operational energy needs of the building.
Table 15 summarizes the design and performance parame-
ters of the Best case model suggested to be a building
guideline. Consequently, the results of this study would
be an eﬀective guideline for the construction practice in
the Lebanese inland region, and any other location that
has similar climatic conditions, especially neighboring
regions in the Middle East, such as Syria, Jordan, and Iraq.
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